We have solved the single crystal structure to 1.2-A resolution of the Z-DNA sequence d(CGCGCG) soaked with copper(I1) chloride. This structure allows us to elucidate the structural properties of copper in a model that mimics a physiologically relevant environment. A copper(I1) cation was observed to form a covalent coordinate bond to N-7 of each guanine base along the hexamer duplex. The occurrence of copper bound at each site was dependent on the exposure of the bases and the packing of the hexamers in the crystal. The copper at the highest occupied site was observed to form a regular octahedral complex, with four water ligands in the equatorial plane and a fifth water along with N-7 of the purine base at the axial positions. All other copper complexes appear to be variations of this structure.
suggests that direct binding of the metal to DNA accounts for this sequence specificity. Thus, the specificity observed for the DNA cleavage reaction may depend on how the copper cation binds to bases in doublestranded DNA and on the coordination geometry of the copper complexes as they relate to the positions of the atoms susceptible to oxidative damage. In this paper, we report the solution to the structure of double-stranded DNA, the left-handed Z-DNA conformation in this case, modified by copper(I1). This atomic resolution structure allows us to elucidate the structural determinants for the sequence-specific copper binding to DNA in solution.
Previous single crystal studies on DNA base derivatives and nucleotides have shown that copper(I1) complexes form covalent coordinate bonds to N-7 of the purine bases with either square pyramidal or octahedral coordination geometries (Swaminathan and Sundaralingam, 1979) . In copper(I1)-bound GMP crystals, the coordination geometry of the metal was observed to be square pyramidal, with water molecules and phosphate oxygen atoms from neighboring GMP molecules forming the equatorial ligands and purine N-7 at the single axial position (Aoki et al., 1976; Sletten and Lie, 1976) . This suggests that both the base and the phosphate backbone of DNA are susceptible to copper modification. Similar geometries are observed in crystal structures of copper complexes with adenine derivatives (Sletten and Thorstensen, 1974; Kistenmacher et al., 1976) . These studies, however, do not directly address the question of how copper(I1) cations interact with duplex DNA.
In this study, we have solved to 1.2-A resolution the structure of a single crystal of the self-complementary Z-DNA sequence d(CGCGCG) soaked with copper(I1) chloride. This structure has allowed us to define the coordination geometry of the copper complexes and the effect of the DNA structure and crystal packing on the binding modes at the atomic level. Using these structural data, several structures were built to model copper(I1) binding to B-DNA. These model structures help to elucidate the structural basis for the enhanced susceptibility to copper-induced oxidative DNA cleavage of bases that are 5' to one or more guanine bases along a polynucleotide chain.
MATERIALS AND METHODS
The self-complementary sequence d(CGCGCG) was synthesized and crystallized as Z-DNA as previously described (Wang et al., 1979) in the absence of spermine (Gessner et al., 1989) . Copper(I1) chloride (1 mM concentration of the stock solution) was added to a crystallization well containing four large Z-DNA crystals (-0.5 mm on each side) over a 1-week period until the ratio of copper(I1) to hexamer duplex was -5:l. When the copper(I1) content of the solution exceeded this ratio, the integrity of the crystals was destroyed. X-ray diffraction data were collected for the four individual crystals on a Syntex P2 diffractometer. These were merged to form a single set 20175 containing data to 1.2-A resolution. The crystals were in the orthorhombic space group P2,2,2,, with crystallographic axis lengths a = 18.01, b = 31.03, and c = 44.80 A. For comparison, the native d(CGCGCG) crystal is in the identical space group, with a = 17.88, b = 31.55, and c = 44.58 A.
The structure was solved by molecular replacement using data better than 2a in intensity (representing 4107 unique reflections) in the merged data set. The native d(CGCGCG) Z-DNA structure served as the starting model for refinement using the Hendrickson-Konnert constrained refinement method (Hendrickson and Konnert, 1979) . The DNA structure was initially refined to 2.0 A in the absence of solvent molecules. The positions of the copper(I1) ions were identified in a 2F0-2F, difference map as intense positive electron densities located -2 A from N-7 of the guanine bases. In the initial cycles after identification of the copper(I1) sites, the metal positions were refined as water molecules with no additional constraints. When we were confident that these positions were not artifacts and were indeed cations (as indicated by the high electron densities and the low temperature factors relative to all other well-defined solvent positions), the solvent molecules were replaced by copper(I1) in the model, and the atomic scattering factors for this metal were included in the calculation of the structure factors. The ligands of the complexes were identified for each copper(I1) complex again from a difference map as well-defined electron densities positioned -2 8, from the cation centers. The ligand to metal distances were only weakly constrained during the subsequent refinement steps. It was clear, from the variability of the bond lengths and bond angles observed, that these weak constraints did not impart bias into the final structure. As a test of this, we ran a few cycles, after the final refinement cycles, with no constraints and found that, for the most part, the structures of the complexes did not deviate significantly from those of the reported structure, except for the weakest water ligands of the copper complexes. In the final structure, six crystallographically unique copper(I1) complexes (having varying numbers of water ligands) were located along with 50 well-defined free water molecules. The R-factor in the final refinement cycle was 19.8% at 1.2-A resolution. The atomic coordinates and the structure factors for this structure have been deposited in the Brookhaven Protein Data Bank as entries 1D39 (coordinates) and RlD39SF (structure factors).
The occurrence of copper(I1) at each site was determined by numerical integration of the electron density observed at each site. The details of the method are described in the accompanying paper (Geierstanger et al., 1991) . In short, the electron densities were plotted as a 2F,,-F, contour map, with the lowest contour representing 1.5 electrons/A3 and each contour representing steps of 0.1 electron/A3. The actual number of electrons at each site was determined by first estimating the atomic volume of the cation center and then multiplying the volume by the electron density. From this value, we can compare the number of electrons at each copper(I1) site with the number of electrons expected for a copper center that is fully occupied (27 electrons). The ratio of these values represents the partial occupancy of copper(I1) at each site, or the percent of asymmetric units that have a metal occupying a particular site. The total number of copper(I1) in a crystal determined by this numerical method has been shown to be within 10% of the values determined experimentally by UV absorption and atomic absorption spectroscopy (Geierstanger et al., 1991) . The crystal integrity and the overall Z-DNA structure were retained upon soaking the crystal of the sequence d(CGCGCG) with copper(I1) chloride, indicating that the presence of copper(I1) ions did not alter the symmetry of the crystal packing or disrupt the DNA duplex structure. The high resolution of this structure makes it possible to answer specific questions concerning the interactions of copper(I1) ions with polymeric DNA at the atomic level. was found to have six crystallographically unique copperbinding sites, one site for each guanine base in the DNA duplex.
RESULTS

Effect
The copper ions form covalent coordinate bonds to the nucleophilic N-7 atoms of the guanine bases at the highly exposed convex surface of the major groove of Z-DNA. Each guanine along the sequence was observed to be susceptible to copper modification in this manner. Copper binding was not observed in the deep narrow crevice of the minor groove. The potential binding sites at base atoms in the minor groove are virtually inaccessible due to steric shielding of the base atoms by the backbone atoms.
Unlike the crystal structures of the Cu(I1). GMP complex reported by Sletten and Lie (1976) and Aoki et al. (1976) , direct copper(I1) binding to the phosphate oxygens was not observed in the present copper-soaked d(CGCGCG) structure. In addition, the copper complexes in this current structure exhibited a variety of coordination geometries, whereas only square pyramidal geometries were observed for the Cu(I1). GMP complexes. These differences between the crystal structures of copper complexes with DNA monomer units and DNA duplex molecules demonstrate that the microenvironment within DNA crystal affects both the affinity for copper binding and the properties of the copper complexes.
Effect of Copper(II) Binding on Structure of d(CGCGCG)
To examine the effect of copper binding on the overall conformation of the Z-DNA structure, the current structure of the copper-modified d(CGCGCG) hexamer was compared to that of the native hexamer d(CGCGCG) structure reported by Wang et al. (1979) . Fig. 2 summarizes this comparison as an overlap of the polar projections for each structure. A polar projection is constructed by projecting the atomic coordinates of the DNA out from the helical axis onto a cylindrical surface that is wrapped around the DNA helix. Unwrapping the cylindrical surface results in a plot of the atomic coordinates as a function of the angle of rotation about the helical axis.
The polar projection allows the comparison of the entire DNA, including both the major groove surface and minor groove crevice, in a single view. The nucleotide residues are numbered Cyt' to Gua' in the 5' to 3' direction along one strand and Cyt7 to Gua" in the 5' to 3' direction along the complementary strand such that Cyt' is base-paired to Gua", Gua' to Cyt", and so on along the chain. The copper complexes are numbered according to the guanine residue to which they are bound. Thus, the Cu-2 complex is bound to Gua', Cu-4 is bound to Gua', and so forth. The copper-modified DNA hexamer is shown with light bonds, the native structure with heavy bonds, and the copper complexes with dark and light spheres representing the van der Waals surfaces of the complexes. The nearly complete overlap of the two projected structures indicates that copper binding at this level does not grossly perturb the DNA structure. This is consistent wit! the small overall root mean square deviation of 0.467 A calculated between the two structures. Of this, the bases accounted for 0.208 A of the root mean square deviation, whereas that of the phosphoribose atoms was 0.600 A, suggesting that the two structures differ mainly in the positions of their backbone atoms. The sugar puckers of the ribose groups are unchanged by copper binding; however, there are minor structural deviations at the backbone atoms of Cyt3, Cyt5, Gua6, Cyt7, and Gua12. The most significant difference between the two DNA structures was observed to be a rotation of the phosphate linking Gua' and Cytg. Defining the axis of rotation as the vector along 0-3' of Gua' and 0-5' of Cytg, this phosphodiester is rotated 114" in the copper-modified structure relative to that in the native structure. This places the O(2)-P oxygen of the phosphate 2.4 8, closer to the copper center of Gua' of a symmetry-related hexamer and therefore may be induced by charge-charge interactions between the oppositely charged ions of neighboring DNA duplexes. The overall conformations of the individual base pairs are not significantly perturbed by covalent binding of copper to N-7 of the guanine bases. The copper(I1) ion, being a strong electron-withdrawing group, would be expected to alter the charge distribution of the guanine base. These changes apparently do not interfere with the base pairing of the guanine bases to cytosine and therefore leave the DNA duplex structure intact.
Relative Affinities of Copper Complexes
From this structure, we observe copper modification only at N-7 of the guanine bases within the Z-DNA duplex. The distribution of copper within the crystal was not uniform, but is dependent on how the crystal packing affects the accessibility and the potential interactions at each individual guanine base. A more complete analysis of how the microenvironment at each guanine base affects copper modification is presented below in terms of sequence specificity for copper binding. In this discussion, we will focus on the observed differences in binding affinities between guanine bases qualitatively.
We can compare the relative affinities of each potential binding site in terms of the occupancies of copper at these sites for the hexamer duplexes within the crystal. The partial occupancy of copper at a binding site can be defined as the percent of hexamers in the crystal that have a metal ion bound at that site on the chain. When we focus only on the asymmetric unit of the crystal, this translates into a percent occupancy at that site for a single hexamer. The partial occupancies are calculated from the electron density maps by numerical integration of the density at each copper site within the asymmetric unit. These values range from 6.7 to 62.6% and are listed for each guanine base in Table I . The sum of the partial occupancies of all metal centers bound to a hexamer reflects the total number of coppers bound in the asymmetric unit. This method yields values for total bound copper that are within 10% of the copper content in a crystal of known copper content determined by atomic absorption measurements (Geierstanger et al., 1991) . In this crystal structure, the estimated 1.9 copper(I1) ions bound per hexamer duplex in the asymmetric unit account for -40% of the counterion charge required to balance the overall charge of -10 from the phosphates of the DNA duplex. The remainder of the coun- Covalent Copper(II,J Binding to Guanine Bases in 2-DNA terions could not be resolved in the crystal structure either because they are crystallographically disordered or because of their low specificity for binding sites. The relative partial occupancy of copper was calculated by dividing the partial occupancy of each metal center by the total number of coppers/hexamer. These values, also listed in Table I , allow us to compare relative affinities of each site within a single crystal and between crystals having different overall copper content. The copper affinities vary among binding sites along the DNA chain and appear to be defined by the accessibility of N-7 of each guanine base to the cation complexes as well as the potential interactions at these sites within the crystal. Variations in these two parameters reflect the differences in the microenvironment at the copper-binding sites created by the crystal packing and demonstrate the effects of extrinsic forces on the affinity of each guanine for copper(I1) binding.
Properties of Copper Complexes
The current copper-soaked structure of d(CGCGCG) showed that all guanine b$ses are susceptible to covalent modification at N-7. At 1.2-A resolution, the copper atoms of the six copper complexes have well-defined densities centered off N-7 of each of the guanine bases (Fig. 3, A-0 ). In addition, 12 water ligands were assigned among four of the copper complexes. The bond distances and the bond angles of the copper-DNA complexes are given in Table 11 . The bond distances and angles reported for the Cu(I1) .GMP and copper-9-methylguanine complexes are included for comparison. The copper to guanine N-7 distances range from 2.17 to 2.57 A, with an average length of 2.36 & 0.13 A. With the exception of Cu-2 (at Gus*), all the metal centers appear to be approximately in the plane of the purine bases. The number of observed water ligands/complex in the crystal range from 1 to 5/metal center. The copper-water bo@ distances for the metal complexes range from 1.99 to 3.04 $, with an average copper-water bond distance of 2.24 f 0.27 A. In general, when a regular coordination geometry could be assigned to a copper complex, that geometry appeared to be octahedral or to have Cu-4-and Cu-6-binding sites a t Gua' and Gua', respectively; C, Cu-8-binding site at Gua"; D, overlapping Cu-10-binding site a t Gua" and Cu-12-binding site a t Gua" of adjacent symmetry-related hexamer. Large lettering is used to label residues of DNA molecules within the figure that are modified by copper(I1) binding, whereas residues and atoms of neighboring symmetry-related DNA molecules are labeled with small lettering. Each panel represents a 1.8-2.3-A thick section along the c axis.
features consistent with an octahedral geometry.
Although the observed bond angles and distances are generally in good agreement with previously published values for copper(I1) complexes with nucleic acid constituents, it is obvious from the electron density maps in Fig. 3 and the variability in the properties of the complexes reported in Table I1 that each complex of the copper-soaked d(CGCGCG) structure has unique structural properties. The structural differences as well as the differences in relative binding affinities of the copper complexes are influenced by the local environment created by the packing of the DNA hexamer in the crystal. A detailed examination of each unique binding site shows how copper binds to DNA and how specific interactions at the major and minor grooves of Z-DNA either enhance or hinder covalent copper binding at each binding site. These are discussed below, first in terms of each individual copper site and then in terms of the interactions between copper complexes.
Cu-6 Complex-The copper site at Gua' has the highest partial occupancy (62.6%) in the asymmetric unit and the best defined coordination geometry as a complex. This site is located at the interface between two symmetry-related hexamers where their major groove surfaces converge (Fig. 3B) . Four equatorial water ligands, one axial water ligand, and N-7 of Gua' define a regular octahedral coordination complex (Fig. 4A ) similar to that observed for the copper complex with 9-methylguanine (Sletten and Flegstad, 1976) . Two of the four equatorial waters have N(T)-copper-water bond angles greater than 90", indicating that there is a minor displacement of the equatorial water ligands toward the axial water ligand. A slight Jahn-Teller distortion is evident by the longer axial N(7)-copper and axial water bond distances as compared to the average equatorial ligand bond distance. A number of inter-and intrastrand interactions are responsible for the regularity of the geometry in this complex. These will be discussed in greater detail below. We have defined Cu-6 complex as the prototypical copper(I1)-binding site in doublestranded DNA by virtue of the high occurrence and the welldefined geometry of the complex at this site. All other copper(I1) complexes in this crystal appear to be variations of this general structure, with the geometries and occupancies being dependent on the specific microenvironment of the crystal packing.
Cu-10 and Cu-12 Complexes-As with the Cu-6-binding site, the Cu-10 and the Cu-12-binding sites are located at the interface of two major groove surfaces (Fig. 30) . The difference is the close proximity of the two copper-binding sites at this interface. The N-7 atoms of Gualo and Gua" can both potentially bind copper, but the space between them does not allow metal binding to both sites simultaneously. The copper(I1) a!oms of the Cu-10 and Cu-12 complexes !re separated by 1.55 A and displaced along the z axis by 0.89 A. Therefore, these 2 guanine residues define two mutually exclusive copperbinding sites. It appears that the copper binding affinities are equivalent for both N-7 atoms (39% partial occupancy for each). The electron densities for the water ligands of these copper complexes could not be assigned due to the presence of the neighboring metal center; thus, no specific coordination geometry could be defined for either of these complexes.
Copper(I1) binding at these two mutually exclusive sites limits the amount of copper that can be perfused into the Z-DNA crystal. The -40% occupancy at each of these sites suggests that a single cation complex is distributed between the two guanine bases, but never at both bases simultaneously. If a higher quantity of copper is soaked into these crystals, the probability of binding copper to both sites increases, 
Sletten and Lie (1976).
causing both electrostatic and van der Waals repulsion of the metal centers. This most likely accounts for the destruction in the integrity of the crystal at copper(I1) chloride concentrations >1.9 ions/hexamer duplex in the crystal. Cu-8 Complex-Four water ligands were observed in the Cu-8 complex, three equatorial water ligands and an axial ligand (Fig. 4A) . The geometry of the Cu-8 complex is less regular than that of the Cu-6 complex. The apparent distortions in the water ligand bond angles in the equatorial plane are not consistent with regular trigonal bipyramidal or octahedral geometries. The relatively low partial occupancy of this group (23.0%) precludes a definitive assignment to this site.
The microenvironment of the Cu-%binding site appears initially to be similar to that of the Cu-6-binding site (Fig. 3 , compare B and C ) , but in actuality differ in the types of DNA surfaces that converge to form the respective binding sites. Unlike the Cu-6 site, which sits at the interface between the major grooves of two adjacent hexamer duplexes, the Cu-8-binding site is located at the interface formed by the major groove surface and the backbone of an adjacent hexamer. This places the O(1)-P oxygen of the phosphate from a symmetryrelated molecule 4.6 A from the metal center of the Cu-8 complex. Surprisingly, even with the favorable electrostatic environment created by the negatively charged phosphates of the DNA backbone in the region of the Cu-&binding site, the copper binding affinity for the Cu-8 site is lower than expected relative to that of the Cu-6 or the Cu-10 and Cu-12 sites.
Cu-4 Complex-The Cu-4-binding site (Fig. 3B) is located in an open region between two DNA hexamers where there are few potentially stabilizing interactions, thus mimicking the environment expected for a guanine base of Z-DNA in solution. This allows the copper complex at this site to freely rotate about the N(7)-copper bond, resulting in the smearing of the electron densities of the water ligands in the equatorial plane. Therefore, the coordination geometry of this site could not readily be assigned (Fig. 4A) . The location of a single water molecule at what would be the axial position, however, suggests that this is either an octahedral or a trigonal bipyramidal complex. The copper center in this complex has a partial occupancy of only 19.9%. This is significantly lower than any of the previously discussed sites, even though N-7 of this guanine residue sits in an open solvent channel. This suggests that the additional interactions found at the preceding sites facilitate copper binding to the guanines.
Cu-2 Complex-Cu-2 with its two water ligands exhibits the most distorted geometry of the six complexes (Fig. 4B ). At best, this complex can be assigned as a highly distorted threecoordinated copper. The N(7)-copper bond is estimated to be 48" out of the guanine base plane. This is due to the position of a phosphate group linking Gua" and Cyt" of a symmetryrelated hexamer (Fig. ?A) . The O(2)-P oxygen of this phosphate group is -3.05 A from the copper atom of Cu-2 and 4.07 A from N-7 of Gua'. This oxygen is probably not directly bound to the copper because of the extended distance (>2.9
A) to the metal center. Its position relative to the guanine base appears to force the copper to bind out of the guanine base plane. As expected, this out-of-plane copper binding at Gua2 adversely affects the energy of the N(7)-copper coordination bond, resulting in the Cu-2 site having the lowest affinity and partial occupancy of 6.7%. 
FIG. 4. Ball and stick model showing geometries of Cu-2,
Cu-4, Cu-0, and Cu-8 complexes. A, Cu-4, Cu-6, and Cu-8 complexes bound to Gua', Gua', and Gua" of single hexamer, respectively. The DNA atoms are shaded as indicated. The copper(I1) atoms and the oxygen atoms of their water ligands are shown as black spheres. The potential hydrogen bond between the equatorial water ligand of the Cu-6 complex and the O(l)-P oxygen of the phosphate group linking Gua' and Cyt5 on the same DNA strand is shown with dashed lines. E, Cu-2 complex bound at Gua2. The potential interaction between the Cu-2 complex and the O(2)-P oxygen of the phosphate group linking Gua" and Cyt" of an adjacent symmetry-related hexamer is shown with dashed lines.
well as the properties of the copper complex. When we consider the six crystallographically unique sites on the hexamer duplex, we observe that the copper environments can be segregated into two distinct groups. The copper ions within each group can potentially interact and influence the properties of its neighbors, The first group consists of the Cu-10 and Cu-12 sites. The copper ions at these sites cannot interact because they are mutually exclusive, and their influence on its group member is to exclude simultaneous binding of both ions within the same space between hexamers. The close proximity of the respective neighboring guanine bases, however, would be expected to allow hydrogen bonding with the water ligands of the metal complex and could account for the high affinity for copper at these two sites.
The second group consists of the four remaining copper complexes bound at Gua', Gua4, Gua', and Gus'. Of these, the Cu-2, Cu-4, and Cu-8 complexes are bound to the same DNA hexamer, whereas the Cu-6 complex is bound to an adjacent hexamer (Fig. 5) . The binding of one copper complex in this group does not sterically inhibit the binding of any other member. However, the binding of a single divalent cation in this group would be expected to exclude the binding of any other complex in this group based on simple electrostatic considerations. Using simple coulombic model, where the phosphates within 8.0 A of each copper ion in this group are assigned a -1.0 charge and the copper centers are assigned a +2.0 charge, we find that indeed the partitioning of a single copper ion to the sites in this group is exclusive (Table 111 ). The problem with this simple electrostatic model is the low occurrence of copper binding predicted at the Cu-6-binding site, which had the highest partial occupancy of cations in the crystal. We therefore expanded this model to include other interactions that define the microenvironment of each complex in the crystal. The predominant interactions observed in the crystal were potential hydrogen bonds that could form between the copper complexes and the DNA atoms and between neighboring complexes. Each metal complex having an observed coordination geometry had at least one equatorial water positioned properly to hydrogen bond with 0-6 of the guanine base to which the complex is bound. The Cu-6 complex shows an additional intrastrand hydrogen bond to the phosphodiester linking Gua4 and Cyt'. In the case of the Cu-4 complex, where no equatorial water ligands were observed, we assigned water ligands in an octahedral geometry that allowed the O(6)-copper complex hydrogen bond interaction. When we consider the hydrogen bonding energies of each complex with the DNA, we can use statistical mechanics methods to reproduce the distribution of copper complexes within this group reasonably well relative to the observed distribution in the crystal. In this simplified treatment, the free energy at each copper(I1)-binding site is assigned as the coulombic charge interaction of the cation at that site with the remainder of the charged groups in the unit cell. Energetic terms are added to the coulombic free energy of the copper-binding site for each additional interaction, such as potential hydrogen bonds, included in the system. The energy associated with the ideal hydrogen bond was estimated as -5.0 kcal/mol for donors and acceptors in a water-like geometry. Distortions to this geometry, such as perturbations in hydrogen bond lengths and/or angles, necessarily affect the free energy of the hydrogen bond and are accounted for by force functions such as those used in the molecular mechanics methods AMBER (Weiner and Kollman, 1981) . To calculate the distribution of various combinations of copper bound to individual sites, the probability for the occurrence of a particular state (i) is calculated by:
where Pi is the average probability for the occurrence of state i over all states, n is the total number of unique states, and AGi is the free energy for state i . In this particular group of copper complexes, there are a total of four sites, which makes 15 unique combinations of copper complexes or states possible (Table 111) .
When the copper complex-DNA interactions are taken into acount, the highest occupied site is the Cu-6 site, whereas the lowest is the Cu-2 site, as was observed in the crystal. An interesting result is that the occurrence of Cu-4 in this group nearly always coincides with the binding of copper to the Cu-6 site. This suggests that the electrostatic repulsion between these two complexes is not very large and can be overcome by the high probability of Cu-6 binding to Gua'. One problem with this model is that the Cu-2 site is predicted to be insusceptible to copper(I1) binding.
In addition to the hydrogen bond interactions with the DNA atoms, the complexes within this group are capable of forming an intercomplex hydrogen-bonded network in which Cu-2 hydrogen bonds with Cu-6, Cu-6 with Cu-8, and, using the octahedral model for Cu-4, Cu-8 with Cu-4 (Fig. 5) . The network involves the four copper complexes and DNA atoms from three hexamers (A-C). The Cu-2, Cu-4, and Cu-8 complexes are bound to hexamer B, and the Cu-6 complex is bound to the adjacent hexamer C. The network begins at the phosphate group linking Gua" and Cyt" of hexamer A, which causes the out-of-plane binding of the Cu-2 complex at Gua'
FIG. 5.
Stereo ball and stick model illustrating interactions involving Cu-2, Cu-4, Cu-6, and CU-8 complexes. The Cu-4 complex is not labeled and is shown with its single crystallographically observable axial water ligand. The atoms from three adjacent symmetry-related DNA hexamers (A-C) are shown. Hexamer A is shown with atoms and bonds shaded grey, hexamer B with white atoms and bonds, and hexamer C with white atoms and solid bonds. The O(2)-P oxygen of the phosphate group linking Gua" and Cyt" on hexamer A and the O(1)-P oxygen of the phosphate group linking Gua' and Cyt' on hexamer C are a darker grey to highlight their positions. The copper atoms and the oxygen atoms of the water ligands in the copper complexes are black. The Cu-2, Cu-4, and Cu-8 complexes are bound to hexamer B, and the Cu-6 complex is bound to hexamer C. The potential hydrogen bond and electrostatic interactions involving the copper complexes are shown with dashed lines.
TABLE I11
tribution observed in the crystal; however, the added inter- becomes significant (0.5%). Finally, the binding of copper to
per binding in such a network can overcome a significant proportion of the electrostatic repulsion one would expect from placing two or more divalent cations on neighboring Thus, the copper(I1) complexes were observed to bind, via a covalent coordinate bond, to N-7 of all the guanine bases in "The percent contribution of each combination of binding sites similar geometric properties; however, the microenvironment was calculated as a statistical partitioning of a single copper between defined by the DNA crysta1 packing affects the Of each Dossible state and thus the Drobabilitv of observing that state.
the coordination geometries and influences the distribution *The total statistical contribukon to the copper(I1) distribution is of comer at the various sites. The comer distribution within of hexamer B. The out-of-plane binding of the Cu-2 complex allows water ligand Cu(2)-W(l) to approach the equatorial water ligand Cu(6)-W(2) of the Cu-6 complex to within hydrogen-bonding distance. The opposing equatorial water ligand Cu(6)-W(4) of the Cu-6 complex is in turn hydrogenbonded to the Cu(8)-W(3) equatorial water ligand of the Cu-8 complex. It is likely that the intercomplex hydrogen bonds restrict the rotation of these complexes about their N(7)-copper bonds. This effectively increases the order within this region, fixing the water ligands and making them observable.
When we take these additional hydrogen-bonding interactions between copper complexes into account, the statistical distribution between the possible combinations of copperbound and -unbound states within this group is changed dramatically. We are able to reproduce the total copper dis-
DISCUSSION
We have solved the structure of the Z-DNA crystal of d(CGCGCG) soaked with copper(I1) chloride of 1.2-A resolution. The structure shows that the guanine bases in this double-stranded form of DNA are susceptible to covalent modification by the cation, with N-7 of the purine base acting as the axial ligand in a copper-water complex. The geometries of each complex and the susceptibility of the guanine bases to modification are dependent on the crystal packing geometry. The copper(I1) complexes at the highest occupied site and the most accessible site both appear to have octahedral coordination geometries. This suggests that, in solution, copper(I1) would bind to the guanine bases of double-stranded DNA as a water complex in a similar manner, with four waters forming the equatorial plane and one water along with guanine N-7 at the axial positions of the octahedral complex. Using this octahedral prototype, we have modeled the structure of copper(I1)-modified guanine bases in B-DNA to study some aspects of the mechanism involved in copper(I1)-induced oxidative cleavage of DNA.
Yamamoto and Kawanishi (1989) derived a mechanism for copper(I1)-induced peroxide cleavage of DNA in which the initial step is the binding of the copper(I1) ions to the DNA double strand. The oxidation reaction proceeds first by reduction of the two copper ions to the more reactive cuprous state by a single peroxide molecule, followed by generation of an active oxygen species by reduction of a second peroxide molecule. Although the identity of the active oxygen species is still being debated in the literature (Yamamoto and Kawanishi, 1989; Johnson et al., 1988; Masarwa et al., 1988; Sagripanti and Kraemer, 1989; Aruoma et al., 1991) , the reactivity of this species is thought to be similar to that of a singlet oxygen and/or the hydroxyl radical. DNA damage occurs when the active oxygen species reacts with any susceptible group within its vicinity. A unique peroxide bridge between the two copper ions is thought to facilitate the initial reduction of the metal centers and subsequent reoxidation to generate the active oxygen species. The formation of the bridged copper complex requires that the two copper-binding sites be in close prox-
imity and may explain the hypersensitivity to oxidative cleavage of bases that are 5' to two adjacent guanine bases.
To determine whether B-form DNA can accommodate the prototypical copper complex observed in this crystal structure and the formation of a bridged copper complex suggested by Yamamoto and Kawanishi (1989) , we have built four different B-DNA models of two adjacent guanine bases modified by copper(II), three of which have the metal centers bridged by a dioxygen species. For each model, we started with the octahedral copper(I1)-complexed guanine base at position 6 of our copper-soaked Z-DNA crystal structure. The models were allowed to relax within the constraints of proper bond lengths and bond angles, while minimizing the steric repulsion between atoms.
Our first model simply shows that two adjacent guanine bases on the same strand of B-DNA can accommodate the octahedral complexes at the major groove surface without significant distortions to the structure of the DNA or the metal complex (Fig. 6A) . The copper centers are separated by a distance of 4.8 A, well within the distance requirements for the formation of hydrogen bond bridges that would facilitate mutual binding to both sites. If the two guanine bases were placed on opposing strands, the metal to metal distances would be 10.1 A and therefore could not be bridged without constructed by defining the oxygen-copper ligand distances and geometries appropriate for each bridging mode, followed by minimization of the van der Waals interactions. A structure analogous to that observed in the crystal structure of the C~( H B ( 3 , 5 -i P r~p z )~)~. O~ complex (Kitajima et al., 1989) was used to generate the p-v2:q2 model, and the bond distances and angles obtained from the crystal structure reported for the tram p-1,2 0'--copper complex (Jacobson et al., 1988) were used to generate the trans-model. The oxygen atoms of the peroxide molecule in the complexes are highlighted with the same shading as the phosphorus atoms. The three closest approaches of the DNA atoms to the bridged copper complexes in the trans-and the fi-v2:v2 models are shown with dashed lines. dramatically distorting the DNA structure. Thus, under aqueous solution conditions, intercomplex hydrogen bonds may result in cooperative cation binding along the DNA chain in a manner analogous to that observed in this crystal structure. This can account for the observed hyperactivity of stretches of adjacent guanine bases to copper-induced DNA cleavage in solution (Sagripanti and Kraemer, 1989) .
Placing the copper complexes on adjacent guanines of the same strand also allows the two cations to share a single dioxygen species. Two separate models could be built where both oxygens of the dioxygen species act as ligands for two metal centers. The first, designated the trans-model, maintains the octahedral geometry of the metal centers, with each oxygen liganded to one individual copper center (Fig. 6B) . The cop er centers in this trans-model are separated by 4.6 little or no distortion to the B-DNA or the copper geometries was necessary to accommodate the dioxygen species.
The second model, designated as the p-v2:v2 model, is similar to the trans-model except that both atoms of the dioxygen species are liganded to two metal centers (Fig. 6C ). This mode of coordination has previously been shown to form readily in inorganic oxygen-copper complexes and possesses similar physicochemical properties as oxyhemocyanin (Kitajima et al., 1988) as well as the ability to oxygenate organic molecules in the presence of dioxygen (Kitajima et al., 1990) . The bridged copper centers of $his p-v2:v2 model result in a metal to metal distance of 3.8 A, which is 0.8 8, shorter than that of the trans-model. This closer metal to metal distance induces significant distortions to the B-DNA structure by pulling the two guanine bases together. Surprisingly, this distortion is accommodated by a -10" unwinding of the DNA between the two guanine bases rather than any significant tilting of the bases planes. The copper complex absorbs some of the structural strain, observed as a slight separation of the A (0.2 K shorter than that in the unbridged model). Thus, two atoms of the dioxygen molecule and lengthening of the oxygen-copper bond distances.
A third peroxo-bridged dicopper complex, designated as the p-1,l model, is possible in which a single oxygen atom of the dioxygen molecule is shared as a ligand for both metal centers. This mode of coordination places the second oxygen atom, which is not bound to either metal center, near the backbone atoms or the base atoms in the major groove depending on how the bridge is defined. The copper-copper distance in a copper complex with a p-1,l peroxo bridge and an additional phenoxo bridging ligand was reported to be 3.31 8, as determined by x-ray absorbance fine structure spectroscopic studies (Blackburn et al., 1987) . This separation is -0.5 A shorter than the copper-copper distance in the p -v 2 : v 2 model and therefore would require slightly larger distortions in either the DNA or complex structures to accommodate this type of bridging. Evidence for the p-1,l peroxo complex without an additional bridging group has not been reported. For these reasons, the p-1,l peroxo-bridged dicopper complex model bound to B-DNA was not pursued.
DNA damage induced by the reactive copper complexes is likely to occur in the immediate vicinity of the copper-binding sites. In the models for the bridged copper cpmplexes shown in Fig. 6 , the DNA atoms that are within 3 A of the oxygens of the metal complexes, excluding the atoms of the attached guanine base, are listed in Table IV . The three closest distances between the DNA atoms and the bridged copper complexes reported in Table V are identified with dashed lines in Fig. 6 . From Table IV, in the case where the residue 5' to the copper-binding site is a pyrimidine residue, the atoms of closest approach to the water ligands in the copper complexes in all three models include C-5 and C-6 of the pyrimidine base. In the case where the 5'-base is a purine residue, the points of closest approach in all three models include C-8 of the purine base. Quantitation of the yield of base derivatives produced by the copper(II)/hydrogen peroxide system (Aruoma et al., 1991) has shown that the guanine derivative 8-hydroxyguanine accounts for -67% of the total yield of base damage products. The other major products produced in this system are base derivatives that result from modifications at C-8 of the purine bases and across the C(5)-C(6) double bond in the pyrimidine bases. C-5 and C-6 of pyrimidine bases (Hazra and Steenken, 1983; Ito et al., 1984; Jovanovic and Simic, 1986 ) and C-8 of purine bases (Vierra and Steenken, 1990; Steenken, 1989) have been shown to be the positions susceptible to hydroxylation by hydroxyl free radicals. Binding of copper to N-7 of the guanine base would therefore place the source of the production of active oxygen species near sites that are sensitive to modification. These models can therefore readily account for the cutting pattern observed for DNA in the presence of copper(I1) and reducing species.
In summary, in solving the single crystal structure of the Z-DNA sequence d(CGCGCG) soaked with copper(I1) chloride, we have shown that the guanine bases of double-stranded DNA are modified by a covalent coordinate bond to a copper(I1) complex. The coordination geometry of the predominant copper center is octahedral, with N-7 of the guanine base and one water molecule forming the axial positions. This is likely to be the coordination geometry of the copper center for guanine bases modified in double-stranded B-DNA in solution. From this, we show that binding copper(I1) complexes to two adjacent guanines in B-DNA does not significantly distort the DNA structure and in fact may be favored by the potential interactions between the ligands of the adjacent complexes. Several possible models for these DNAbound copper ions were built in which the metal centers are bridged by an active dioxygen species. Of the models presented, the trans-model induces the least distortion to the DNA structure and the coordination geometry of the copper complexes. In all models, copper binding at N-7 of the guanine bases places a potentially active oxygen ligand of the metal centers in close proximity to sites that have been shown to be sensitive to modification by hydroxyl free radicals, namely C-5 of a pyrimidine base and C-8 of a purine base. These models along with data on the susceptibility of bases to oxidative damage help to explain the observed sequence dependence for copper(I1)-induced oxidative cleavage of double-stranded DNA in solution.
